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Shifts in electrostatic surface charge of membranes
have recently been highlighted as a significant factor
contributing to protein targeting to the plasma
membrane and nascent phagosomes. Intracellular,
vacuole-adapted pathogens may also regulate sur-
face charge of their vacuoles to establish a replicative
niche. Since Salmonella enterica serovar Typhimu-
rium controls trafficking of the Salmonella-containing
vacuole (SCV) and inhibits its fusion with lysosomes,
we investigated the contribution of surface charge
to this process. Using recently developed fluores-
centbiosensors,weshow that thebacterial phosphoi-
nositide phosphatase SopB controls membrane sur-
face charge of nascent SCVs by reducing levels of
negatively charged lipids phosphatidylinositol-4,5-
bisphosphate and phosphatidylserine. This SopB
activity results in dissociation of a number of host-
cell endocytic trafficking proteins from this compart-
ment and inhibits SCV-lysosome fusion. Moreover,
inducible reductionofnegativecharge rescuesDsopB
bacteria-containing SCVs from fusion with lyso-
somes. These results reveal a membrane-charge-
basedmechanism used by S. Typhimurium to control
SCV maturation.
INTRODUCTION
S. Typhimurium is a facultative intracellular bacterial pathogen
that causes disease in many hosts, including significant human
morbidity and mortality. Its ability to survive and replicate in
host cells in a vacuolar niche (the SCV) is necessary for its fullCell Hvirulence (Buchmeier and Heffron, 1991; Carrol et al., 1979;
Hashim et al., 2000; Ishibashi and Arai, 1990). To replicate effec-
tively, the bacteria regulate trafficking of the SCV. Initially, the
SCV acquires markers of early endosomes such as Rab5 and
EEA1 and subsequently acquires markers of late endosomes
such as Rab7 and lysosomal-associated membrane protein 1
(LAMP1) (Garcia-del Portillo et al., 1993; Steele-Mortimer et al.,
1999). However, some proteins normally associated with
maturing phagosomes, such as the mannose 6-phosphate
receptor (M6PR) andactive protein hydrolases such as cathepsin
D, do not accumulate on or within the SCVs (Garcia-del Portillo
and Finlay, 1995; Garvis et al., 2001). The lumen of the SCV
also acidifies (Rathman et al., 1996), but many studies report
that the SCV does not fuse extensively with host-cell degradative
compartments, the lysosomes (Buchmeier and Heffron, 1991;
Carrol et al., 1979; Hashim et al., 2000; Ishibashi and Arai,
1990; Rathman et al., 1997). Currently, the mechanisms of SCV-
lysosome fusion avoidance by S. Typhimurium are not well
understood.
S. Typhimurium is known to regulate SCV trafficking via the
action of an arsenal of bacterial proteins called effectors that it
delivers into the host-cell cytosol. At early times of infection,
the first group of effectors is delivered through the Salmonella
Pathogenicity Island-1-encoded type III secretion system (SPI-1
T3SS), and later the second group is delivered through the SPI-2
T3SS (Hansen-Wester and Hensel, 2001). The collaborative
actions of early effectors translocated by the SPI-1 T3SS are
known to induce bacterial uptake into mammalian cells (Lostroh
and Lee, 2001; Wallis and Galyov, 2000), while the actions of
SPI-2 T3SS-delivered effectors set up the SCV as a replicative
niche for the bacteria (Hensel, 2000; Waterman and Holden,
2003). However, early invasion-associated effectors are also
important for bacterial survival and replication, helping S. Typhi-
murium guide SCV trafficking (Steele-Mortimer et al., 2002). For
example, the SPI-1 T3SS-translocated effectors SopB, SipA,
and SptP were discovered to contribute to phenotypes suchost & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inc. 453
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tion (Brawn et al., 2007; Hernandez et al., 2004; Humphreys
et al., 2009). SipA does so by cooperating with a SPI-2 T3SS-
translocated effector SifA, while SptP specifically dephosphory-
lates a host-cell AAA+ ATPase valosin-containing protein (VCP/
p97) (Brawn et al., 2007; Humphreys et al., 2009). How SopB
contributes to bacterial survival and replication in host cells is
less clearly understood.
SopB is a phosphoinositide phosphatase that, by dephos-
phorylation of phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2]
at the plasma membrane, contributes to invasion and nascent
SCV biogenesis (Hernandez et al., 2004; Mallo et al., 2008;
Mason et al., 2007; Terebiznik et al., 2002). The phosphatase
activity of SopB has widespread effects, leading to efficient
membrane sealing during invasion (Terebiznik et al., 2002) and
activation of SGEF, a guanosine nucleotide exchange factor
for RhoG, which results in actin rearrangements that also
promote bacterial internalization (Patel and Galan, 2006). SopB
phosphatase activity is also responsible for Akt activation during
invasion, which has an antiapoptotic effect (Knodler et al., 2005;
Steele-Mortimer et al., 2000), and early Rab5 and PI 3-kinase
Vps34 recruitment to the SCV, which results in phosphatidylino-
sitol-3-phosphate (PI[3]P) accumulation in the SCV membrane
(Mallo et al., 2008). Additionally, SopB enhances LAMP1 recruit-
ment to the SCV from a nonlysosomal source and supports
bacterial growth in bonemarrow-derivedmacrophages (Hernan-
dez et al., 2004). Therefore it has been speculated that SopB
may contribute to S. Typhimurium avoidance of SCV-lysosome
fusion (Hernandez et al., 2004). However, it should be noted
that a role for SopB in blocking SCV-lysosome fusion remains
to be established.
Electrostatic membrane surface charge imparted by the rela-
tive abundance of anionic lipid species in membranes is increas-
ingly recognized as a significant determinant of membrane
compartment identity and trafficking via regulated targeting of
signaling proteins with polycationic motifs (Yeung and Grinstein,
2007). For example, the high level of negatively charged polyva-
lent phospholipid PI(4,5)P2 contributes to the negative charge
of the cytosolic leaflet of the plasma membrane, the most
negatively charged membrane in resting eukaryotic cells. This
high negative charge is a significant factor in specific plasma
membrane targeting and retention of proteins containing polyca-
tionic motifs, such asMARCKS and K-Ras (Hancock et al., 1990;
McLaughlin and Aderem, 1995). Significantly, the electrostatic
interaction of such proteins with membranes does not depend
on the structure of their polycationic motifs or types of anionic
phospholipids in the target membrane, but on the net electro-
static charge involved in the interaction (Hancock et al., 1990;
Roy et al., 2000). Additionally, the polycationic motif is usually
located in such proteins near an acylated or prenylated moiety,
which can insert into the hydrophobic membrane bilayer.
Therefore the polycationic motif and the hydrophobic anchor
serve as a ‘‘coincidence detector’’ ensuring protein localization
to membranes versus other polyanionic structures in the cell.
Changes in targeting of proteins that rely on electrostatics for
their localization can occur due to anionic lipid redistribution,
lipid metabolism, or protein phosphorylation. For example, at
sites of phagocytosis, a localized decrease in negative plasma
membrane charge occurs via redistribution and metabolism of454 Cell Host & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inphospholipids (Yeung et al., 2006). This results in marked disso-
ciation of signaling proteins such as K-Ras and Rac1 from
nascent phagosomes during phagosome maturation (Yeung
et al., 2006). Notably, nascent phagosomes are not devoid of
all membrane surface charge. Another negatively charged phos-
pholipid, the monovalent phosphatidylserine (PS), is found in the
cytosolic leaflet of the plasma membrane, in the membranes of
endosomes and lysosomes, and in that of nascent phagosomes,
where it contributes to targeting and retention of proteins with
cationic motifs of intermediate charge, such as c-Src (Yeung
et al., 2006, 2008, 2009). Interestingly, the intracellular patho-
gens Legionella pneumophila and Chlamydia trachomatis
occupy vacuoles with little negative surface charge, and no
detectable PS (Yeung et al., 2009). Consequently, these
compartments do not recruit c-Src, and they escape the host
cell’s endosomal degradation pathway. Since S. Typhimurium
is well known to alter host-cell trafficking, we investigated if it
also modulates the membrane surface charge of the SCV in
order to control SCV maturation. Due to its involvement in
phosphoinositide metabolism and SCV maturation, we focused
on the action of the bacterial effector SopB in this process.
Here we show that SopB, by reducing levels of PI(4,5)P2 and
PS in the nascent SCV, reduces the negative membrane surface
charge of this compartment. This affects SCV targeting of host-
cell proteins involved in membrane trafficking that rely on
electrostatics for their interactions with membranes, such as
Rab35, and inhibits SCV-lysosome fusion. Our results reveal
amembrane-charge-basedmechanism used byS. Typhimurium
to establish its intracellular replicative niche.
RESULTS
SopB Alters Membrane Surface Charge by Affecting
Levels of PI(4,5)P2 and PS on the SCV
We hypothesized that SopB, through its phosphatase activity, is
altering the charge of the SCV membrane (Heo et al., 2006;
Yeung et al., 2008; Yeung and Grinstein, 2007). To determine
the membrane charge of SCVs, we transfected Henle-407 cells
with a cationic membrane probe, RpreRed, prior to S. Typhimu-
rium infection. RpreRed is a monomeric red fluorescent protein
(mRFP)-tagged derivative of the K-Ras tail with all serine and
threonine residues mutated to alanine to avoid phosphorylation,
and lysine residues mutated to arginine to avoid ubiquitination of
the probe (Yeung and Grinstein, 2007). The effect of surface
potential rather than specific lipid species on the affinity of
Rpre for pure lipid bilayers was previously assessed in vitro,
this affinity decreasing with increasing ionic strength (Yeung
et al., 2006). Expressed in cells, RpreRed localized to the highly
negatively charged plasma membrane (Figure 1A), consistent
with previous observations (Yeung et al., 2006).
RpreRed did not localize to SCVs containing wild-type (WT)
S. Typhimurium (Figures 1A and 1B). In contrast, the probe colo-
calized strongly with DsopB bacteria (Figures 1A and 1B), indi-
cating that DsopB SCVs retain a high negative membrane
surface charge following internalization. Other SPI-1 T3SS effec-
tors tested (SopD, SopE, SopE2) did not contribute to removal of
RpreRed from SCVs (see Figures S1A and S1B available online).
Inability of DsopB bacteria to remove RpreRed from their SCVs
was complemented by expression of SopB from a plasmid, butc.
Figure 1. SopB Alters Phagosome Surface
Charge by Affecting Levels of PI(4,5)P2 and
PS on the SCV
(A) Confocal images of Henle-407 cells transfected
with RpreRed and infected with S. Typhimurium,
taken at 20 min p.i., showing lack of colocalization
of RpreRed with WT bacteria (arrowhead) and
colocalization with DsopB bacteria (arrow).
(B) Colocalization between RpreRed and WT (blue
squares), DsopB (red circles), DsopB + psopB
(filled in triangles), and DsopB + psopBC462S
(empty triangles) bacteria determined using live-
cell imaging.
(C) Colocalization between RpreRed at 20 min
p.i. with WT, DsopB, DsopB +pipgD, or DsopB
+pipgDC439S bacteria.
(D) Confocal images as in (A), except cells are
transfected with PLCd-PH-mRFP.
(E and F) Colocalization as in (B) and (C), except
with PLCd-PH-mRFP.
(G) Confocal images as in (A), except cells are
transfected with LactC2-GFP and images taken
at 60 min p.i.
(H and I) Colocalization as in (B) and (C), except
with LactC2-GFP. Mean ± SEM for three indepen-
dent experiments are presented for all data. At
least 100 bacteria were enumerated per strain
in each individual experiment. **p value < 0.01,
***p value < 0.001. Scale bar, 10 mm.
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Similarly, expression of IpgD, a homologous effector from
Shigella flexneri (S. flexneri) (Marcus et al., 2001) (that, like
SopB, contains a mammalian inositol 4-phosphatase motif and
exhibits phosphatase activity [Norris et al., 1998]), but not
expression of the IpgD C439S phosphatase-inactive mutant
(Figure 1C), could complement the DsopB mutation.
Phospholipids, specifically the relatively abundant and nega-
tively charged PI(4,5)P2, and PS have both been implicated in
significant changes in plasma membrane charge during phago-
cytosis (Yeung and Grinstein, 2007). We examined the levels of
PI(4,5)P2 and PS in the SCVmembrane using fluorescent probes
against each lipid; the pleckstrin homology (PH) domain of PLCd
fused to mRFP (PLCd-PH-mRFP) and the C2 domain of Lactad-
herin fused toGFP (LactC2-GFP), respectively. LactC2-GFPwas
recently developed as a probe to visualize PS and was shown to
bind specifically to this lipid using in vitro assays (Yeung et al.,
2008). No membrane binding of LactC2-GFP is observed in
a yeast strain deficient for PS production, further illustrating
the specificity of this probe (Yeung et al., 2008). Each lipid probe
was individually transfected into cells prior to infection with
S. Typhimurium.
In accordance with previous findings (Terebiznik et al., 2002)
and with PI(4,5)P2 being the proposed main in vivo target of
SopB (Mallo et al., 2008;Mason et al., 2007), we found no detect-
able PI(4,5)P2 associated with WT SCVs following invasion. In
contrast, detectable levels of PI(4,5)P2 remained on a significantCell Hnumber of DsopB SCVs at 20 min p.i. (Figures 1D and 1E). PS
was also present on a significantly higher number of DsopB
compared to WT SCVs at 1 hr and 2 hr p.i. (Figure 1G and 1H).
Yet, unlike for PI(4,5)P2, no direct change in PS levels or distribu-
tion could be observed in cells transfected with GFP-SopB
(Figures S1C and S1D). Finally, we found that both SopB and
S. flexneri IpgD expressed from a plasmid in DsopB bacteria,
but not their phosphatase inactive mutants, could functionally
complement SopB activity by modifying PI(4,5)P2 and PS levels
in the SCV (Figures 1E, 1F, 1H, and 1I).
SopB Alters Rab Recruitment to Phagosomes
Rabs are small GTPases involved in membrane trafficking within
eukaryotic cells. Rab 8B, 13, 23, and 35 share a polycationic-
prenyl plasma membrane targeting motif in their carboxyl
terminus that was shown to be responsible for their recruitment
to the negatively charged plasma membrane (Heo et al., 2006).
Moreover, these Rabs were excluded from the WT SCVs
but retained on degradative phagosomes containing mutant
bacteria that lack the SPI-1 T3SS (Smith et al., 2007). Rab23
and 35 were shown to promote phagosome-lysosome fusion
(Smith et al., 2007). Therefore, because of their charge-depen-
dent membrane targeting and involvement in phagosome traf-
ficking, we investigated whether SopB affected recruitment of
these Rabs to SCVs. We found that Rab 8B, 13, 23 and 35
were retained at higher levels on the DsopB compared to WT
SCVs at early times following bacterial invasion (Figures 2A–2Eost & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inc. 455
Figure 2. SopB Alters Rab Recruitment to
Phagosomes
Henle-407 cells were transfected with Rab fluores-
cent protein fusions and infected with WT or
DsopB S. Typhimurium. (A) Representative fluo-
rescence microscope images for GFP-Rab8B,
taken at 60 min p.i. Colocalization of intracellular
bacteria with GFP-Rab8B is indicated in insets
with arrows and lack of colocalization with arrow-
heads. Scale bar, 10 mm. Colocalization between
WT (blue squares) andDsopB (red circles) intracel-
lular bacteria and (B) GFP-Rab8B, (C) GFP-Rab13,
(D) GFP-Rab23, (E) GFP-Rab35, (F) CFP-Rab7, (G)
GFP-Rab14, and (H) GFP-Rab22A are shown.
Mean ± SEM for three independent experiments.
At least 100 intracellular bacteria (see the Experi-
mental Procedures) were enumerated per strain
in each individual experiment. *p < 0.05, **p < 0.01.
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7, and 22A) did not share this pattern of association (Fig-
ures 2F–2H and Figures S2D–S2F). Therefore, SopB could
significantly alter recruitment of Rabs that rely on electrostatics
for their interactions with membranes to the SCVs.
Rab Recruitment to DsopB SCVs Is Mediated
by Electrostatic Interactions
The polycationic-prenyl motif found at the carboxyl terminus of
Rab 8B, 13, 23, and 35 is required to target these Rabs to the
plasma membrane in a charge-dependent manner (Heo et al.,
2006). To test if the same charge-based mechanism targets
these Rabs to DsopB SCVs, we examined whether the Rab35
carboxy-terminal polycationic motif and/or prenylation were
required for DsopB SCV targeting. Henle-407 cells were trans-
fected with cyan fluorescent protein (CFP)-tagged mutants of
Rab35 carboxyl termini or full-length Rab35 (Figure 3A) and
infected with WT or DsopB bacteria. We found that only the
carboxyl terminus of Rab35 that contained both the cationic
residues and prenylation (CFP-CTcaax) was sufficient for
recruitment of CFP to the DsopB SCVs (Figures 3B–3D and
Figure S3A–S3C). Levels of CFP-CTcaax recruitment to DsopB
SCVs were indistinguishable from that of the full-length CFP-
Rab35, indicating that the polycationic-prenyl plasma mem-
brane-targeting motif of Rab35 is sufficient for Rab35 targeting
to DsopB SCVs (Figure 3D). The exclusion of CFP-Rab35 and
CFP-CTcaax from the SCV depended on the phosphatase
activity of SopB (Figure 3D) and could be complemented in
a DsopB mutant by expression of S. flexneri IpgD, but not its
phosphatase-inactive mutant (Figure 3E). A constitutively active
mutant of Rab35 (CFP-Rab35Q67L) did not affect targeting to
either WT or DsopB SCVs (Figure 3F), indicating that the activa-
tion state of Rab35 does not direct its targeting to the SCV
membrane. Finally, expression of SopB in trans fromWTbacteria456 Cell Host & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inc.could prevent Rab35 localization with
DsopB SCVs in the same cell (Figures
S3D and S3E), suggesting that a wide-
spread effect of SopB, such as lipid
remodeling occurring at the invasion
site, is responsible for Rab35 removalfrom SCVs. Together, these data suggest that targeting of
Rab35 to DsopB SCVs depends on electrostatic interactions
and the negative membrane surface charge of this compart-
ment, and further suggests that other Rabs (8B, 13, 23) contain-
ing the polycationic-prenyl motif found at their carboxyl terminus
are similarly regulated.
SopB Inhibits SCV-Lysosome Fusion
What is the consequence of SopB’s effect on SCV membrane
surface charge and Rab targeting? Two of the Rabs removed
fromWT SCVs by the action of SopB (Rab23 and 35) were previ-
ously shown to promote phagosome-lysosome fusion (Smith
et al., 2007). SopB has also been suggested, yet never shown,
to helpS. Typhimurium avoid lysosomal degradation (Hernandez
et al., 2004). To determine the role of SopB in blocking SCV-
lysosome fusion, we labeled degradative intracellular compart-
ments with a self-quenching BODIPY TR-X dye conjugate of
BSA (DQ-BSA). Upon delivery to a degradative compartment,
DQ-BSA is cleaved, generating fluorescence.
DQ-BSA was pulse chased into Henle-407 epithelial cells that
were next infected with GFP-expressing WT or DsopB mutant
S. Typhimurium. Colocalization between DQ-BSA and intracel-
lular bacteria (see the Experimental Procedures) was assessed
20–240 min postinfection (p.i.). The colocalization between WT
bacteria and fluorescent (i.e., hydrolyzed) DQ-BSA increased
to 30% by 90 min p.i. and remained at that level for up to
240 min p.i. (longest time monitored in this study) (Figures 4A
and 4B, and Figure S4A). However, in the absence of SopB the
bacteria continued to show increasing levels of colocalization
with DQ-BSA, which rose to 50% by 120 min p.i. This resulted
in a significant difference betweenWT andDsopBmutant strains
at 90, 120, and 240 min p.i. (Figure 4B).
SopB is required for efficient sealing of the SCV membrane
during invasion (Bakowski et al., 2007; Terebiznik et al., 2002).
Figure 3. Rab Recruitment to Phagosomes
Is Mediated by Electrostatic Interactions
(A–C) (A) Henle-407 cells were transfected with
full-length Rab35 or mutants of its carboxyl
terminus fused to CFP: C terminus (CT) of Rab35
contains seven cationic residues (red) and a gera-
nylgeranylation motif (blue) but is not prenylated
since an intact Rab35 GTPase domain is required
for geranylgeranylation; CTDGG mutant lacks the
geranylgeranylation motif; CTcaax mutant has
the geranylgeranylation sequence replaced with
a consensus CAAX farnesylation sequence;
CTcaax DpB mutant is farnesylated by virtue of
the CAAX sequence but lacks the cationic residue
cluster. Representative fluorescent microscope
images of WT or DsopB-infected cells at 1 hr p.i.
are shown for CFP-Rab35 (B) and CFP-CTcaax
(C) transfected cells. Arrows in the enlarged insets
indicate colocalization, and arrowheads lack of
colocalization of intracellular bacteria with each
CFP construct.
(D) Henle-407 cells were transfected with CFP-
Rab35 or CFP-CTcaax and infected for 1 hr with
the indicated strains. The percentage of intracel-
lular bacteria that colocalized with CFP-Rab35
(black bars) and CFP-CTcaax (white bars) was
quantified.
(E) Colocalization of GFP-Rab35 and S. Typhimu-
rium at 1 hr p.i.
(F) Colocalization of CFP-Rab35 (white bars) or its
constitutively active mutant CFP-Rab35Q67L
(Rab35CA) (black bars) with WT or DsopB bacteria
at 1 hr p.i. Scale bar, 10 mm. Mean ± SEM for three
independent experiments. At least 100 bacteria
were enumerated per strain in each individual
experiment. **p < 0.01, ***p < 0.001.
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gentamicin 30 min p.i. to remove extracellular S. Typhimurium
could affect viability, and therefore trafficking, of a subset of
DsopB bacteria. However, we observed no difference in DQ-
BSA colocalization with intracellular GFP-expressing DsopB
bacteria in experiments performed in the absence versus the
presence of gentamicin (Figure S4B).
Inhibition of early SCV-lysosome fusion depended on the lipid
phosphatase activity of SopB, as the DsopB defect in lysosome
avoidance could be complemented by expression of the SopB
effector in bacteria from a plasmid, but not its C462S phospha-
tase-inactive mutant (Figure 4C and Figure S4C). Similarly,
expression of IpgD, but not its phosphatase-inactive mutant
(Figure 4D), could complement the DsopB mutation.
SopB phosphatase activity is responsible for activation of
the protein kinase Akt during S. Typhimurium invasion (Steele-
Mortimer et al., 2000). Activation of Akt signaling by SopB has
been suggested to affect SCV maturation and intracellular
bacterial survival (Kuijl et al., 2007). Therefore we investigated
the role of Akt in SCV-lysosome fusion avoidance. However,
when we pharmacologically inhibited Akt activation, lysosome
fusion with WT SCVs did not increase (Figures S4D–S4F). InCell Hfact, lysosome fusion with both WT and DsopB SCVs decreased
under these conditions (Figure S4E), suggesting that Akt inhibi-
tion negatively impacts endocytic trafficking. Collectively, these
data demonstrate that SopB phosphatase activity can inhibit
SCV-lysosome fusion at early times following invasion, but not
via Akt activation.
Dephosphorylation of PI(4,5)P2 at the PlasmaMembrane
Inhibits DsopB SCV-Lysosome Fusion
To investigate the importance of negative membrane charge on
SCV trafficking, we used a rapamycin-induced dimerization
strategy to reduce negative charge at the plasma membrane
prior to infection with DsopB bacteria. In this system, upon addi-
tion of rapamycin, a yeast Inp54p 5-phosphatase expressed in
the cell cytosol is translocated to the plasma membrane where
it dephosphorylates PI(4,5)P2 to form PI(4)P (Suh et al., 2006)
(Figure S5A and S5B). Reduction of PI(4,5)P2 levels at the
plasma membrane by this method immediately prior to bacterial
internalization could effectively complement theDsopBmutation
by inhibiting DsopB SCV-lysosome fusion, as measured at 2 hr
p.i. using the DQ-BSA assay (Figures 5A and 5B). These data
indicate that PI(4,5)P2 levels present during SCV formationost & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inc. 457
Figure 4. SopB Inhibits SCV-Lysosome
Fusion
Henle-407 epithelial cells were pulse chased with
DQ-BSA to label degradative compartments and
infected with GFP-expressing or FITC-labeled
S. Typhimurium. Confocal Z stacks of infected
cells (0.3 mm) were imaged and the fraction of
internalized bacteria (ones not accessible to
outside a-Salmonella antibody, see the Experi-
mental Procedures) colocalizing with dequenched
DQ-BSA signal counted.
(A) Representative extended-focus images of
cells infected with WT or DsopB S. Typhimurium
showing no colocalization between bacteria and
DQ-BSA (arrowhead) or showing colocalization
(arrow) at 20 and 60 min p.i. Scale bar, 10 mm.
(B) Colocalization of DQ-BSA with GFP-express-
ing WT (blue squares) or DsopB (red circles)
S. Typhimurium.
(C and D) Colocalization of DQ-BSA with FITC-
labeled S. Typhimurium. Mean ± SEM for three
independent experiments. At least 73 and up to
185 bacteria were enumerated per strain in each
individual experiment. *p < 0.05, **p < 0.01.
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these compartments.
DISCUSSION
Here we describe the ability of an S. Typhimurium effector,
SopB, to regulate the membrane surface charge of the SCV.
We found that SopB, through its phosphatase activity, reduced
the negative membrane surface charge of nascent SCVs, which
resulted in dissociation of a specific group of small RabGTPases
from the SCVs. The phosphatase activity of SopB also inhibited
SCV-lysosome fusion. Our data explain previous observations
that recognized the role of SopB in intracellular bacterial survival
and replication (Hernandez et al., 2004; Patel et al., 2009). The
mechanism we describe, by which S. Typhimurium are able to
manipulate the fate of the vacuoles they inhabit, gives new
insight into the interactions of an intracellular pathogen and its
host.
Phosphoinositide fluxes attributed to the phosphoinositide
phosphatase activity of SopB have been suggested to play
a role in activation of host-cell proteins such as Akt and SGEF
during S. Typhimurium invasion of host cells (Marcus et al.,
2001; Patel and Galan, 2006). However, an unrecognized but
broad effect of SopB phosphatase activity is that on the overall458 Cell Host & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inc.electrostatic charge of the plasma and
SCV membranes during bacterial inva-
sion. Previously it has been established
that SopB dephosphorylates PI(4,5)P2
found at the bacterial invasion site in the
inner leaflet of the plasma membrane of
the host cell (Mallo et al., 2008; Mason
et al., 2007; Terebiznik et al., 2002).
Here we show that SopB also decreases
levels of PS within SCVs following inva-
sion but does not appear to cause directturnover of this lipid. It is unclear how SopB is reducing PS levels
on the SCV, but we speculate that since SopB has been found to
influence recycling pathways of the host-cell via recruitment of
sorting nexin 1 to the SCV (Bujny et al., 2008), it could promote
removal of PS-rich membrane during SCV maturation. Since
PS is also found on lysosomes (Yeung et al., 2008), it is possible
that increased fusion of lysosomes with DsopB SCVs is respon-
sible for delivering PS to this compartment. Importantly, reduc-
tion of PS in WT SCV membranes could have consequences
on targeting of proteins containing PS recognition motifs. What
these proteins may be and their effect on SCV trafficking and
bacterial replication remain to be discovered. Regardless, both
PI(4,5)P2 and the more abundant PS are negatively charged
phospholipids. Therefore their loss from nascent SCVs is pre-
dicted to reduce the negative surface charge of these compart-
ments (Yeung and Grinstein, 2007). Indeed, using the cationic
membrane probe RpreRed, we found that DsopB SCVs had
strongly negatively charged membranes more often than did
WT SCVs.
Recently, the significance of electrostatic charge inmembrane
targeting of proteins that contain polycationic domains and
hydrophobic moieties has been recognized (Heo et al., 2006;
Yeung et al., 2006, 2009). For example, a subset of small Rab
GTPases, which are important determinants of membrane
Figure 5. Dephosphorylation of PI(4,5)P2 at
the Plasma Membrane Inhibits DsopB
SCV-Lysosome Fusion
(A) Henle-407 cells were transfected with inp54-
YFP and LDR (see the Experimental Procedures),
loaded with DQ-BSA, and infected for 2 hr with
GFP-expressing DsopB bacteria either without
rapamycin (top panels) or with rapamycin (bottom
panels). Representative images are shown, indi-
cating colocalization of bacteria with DQ-BSA
(arrow) or lack of colocalization (arrowhead). The
leftmost panel has increased brightness showing
redistribution of inp54-YFP from the cytoplasm
(magenta arrowhead) to the plasma membrane
(magenta arrow) in the presence of rapamycin.
(B) Colocalization of DQ-BSA with GFP-expressing DsopB S. Typhimurium at 2 hr p.i. Mean ± SEM for three independent experiments. At least 100 bacteria
were enumerated per strain in each individual experiment. **p < 0.01. Scale bar, 10 mm.
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membrane due to their polycationic-prenyl targeting motifs and
their interaction with negatively charged phosphoinositides at
the plasma membrane (Heo et al., 2006). We found that specific
Rabs containing polycationic-prenyl plasma membrane target-
ing motifs (Rab8B, 13, 23, 35) (Heo et al., 2006) were absent
from WT SCVs but retained on the DsopB SCVs. We found
that the polycationic-prenyl motif was necessary and sufficient
to target Rab35 to DsopB SCVs, and the activation state of
Rab35 did not impact on its recruitment to the SCVs, indicating
that only the prenylation and the polycationic motif mediated its
differential targeting. Importantly, Rab23 and 35 were previously
shown to play a role in promoting phagosome-lysosome fusion
(Smith et al., 2007). Therefore this specific pattern of Rab asso-
ciation, dictated by the overall surface charge of the SCV
membrane, could indicate a pathway taken by DsopB SCVs
biased toward lysosomal fusion and bacterial degradation. In
fact, we were able to rescue DsopB SCVs from extensive fusion
with lysosomes simply by reducing PI(4,5)P2 levels, and there-
fore the overall negative membrane charge, found in the inner
leaflet of the plasma membrane prior to bacterial uptake.
We speculate that SopB-mediated early lysosome avoidance
protects S. Typhimurium from degradation until other bacterial
virulence factors involved in this process are expressed in the
SCV, including the SPI-2 T3SS-delivered effector(s) (Uchiya
et al., 1999), and as-yet-unidentified gene(s) regulated by the
PhoP/Q system (Garvis et al., 2001). Recently, DsopBmutant re-
combinant-attenuated vaccine strains of Salmonella enterica
were found to be highly immunogenic compared to isogenic
controls (Li et al., 2008). It’s an intriguing possibility that this
may occur due to increased SCV-lysosome fusion in the
absence of SopB, leading to improved antigen presentation in in-
fected cells. Interestingly, another SPI-1 T3SS translocated
effector, SptP, was implicated recently in altered trafficking of
SCVs through its protein tyrosine phosphatase activity (Hum-
phreys et al., 2009), and we observed that DsptP mutants
displayed increased delivery to lysosomes (data not shown). It
remains to be seen if SptP and SopB functionally cooperate in
SCV-lysosome fusion avoidance.
We found that IpgD, a S. flexneri protein homologous to SopB,
expressed in and delivered by DsopB S. Typhimurium could
functionally complement SopB activity, including modifying
SCV charge by altering PI(4,5)P2 and PS levels on the SCV,Cell Haffecting Rab35 recruitment, and decreasing SCV-lysosome
fusion. As IpgD and SopB are effectors from microbial patho-
gens adapted to different intracellular lifestyles (cytosol versus
vacuole adapted, respectively), this indicates that different path-
ogens may manipulate phagosome membrane charge during
entry into cells to protect against lysosomal degradation early
during infection, either prior to escape into the cytosol (S. flex-
neri) or by extensive remodeling of the vacuoles they inhabit
(S. Typhimurium). Accordingly, the cytosol-adapted pathogen
Listeria monocytogenes has been shown to prevent the fusion
of lysosomes with its vacuoles early following internalization
and prior to escape into the cytosol (Shaughnessy et al., 2006).
Moreover, a recent report indicates that the vacuole-adapted
pathogens Legionella pneumophila and Chlamydia trachomatis
both regulate the membrane surface charge of their vacuoles
by an as-yet-unknown mechanism (Yeung et al., 2009).
In conclusion, our study shows that S. Typhimurium can
control SCV maturation by altering the membrane surface
charge of its vacuole. This has a global effect on the recruitment
of host-cell proteins involved in endocytic trafficking, such as
Rab35, and helps the bacteria contained in SCVs to avoid lyso-
somal degradation (Figure 6). We speculate that manipulation of
an entire class of host proteins via membrane charge may be
a universal strategy adopted by diverse intracellular pathogens
to evade host-cell innate and adaptive defense mechanisms.
EXPERIMENTAL PROCEDURES
Bacterial Strains
WT S. Typhimurium SL1344 (Hoiseth and Stocker, 1981), isogenic DsopB
(Steele-Mortimer et al., 2000), DsopB+psopB, DsopB+psopBC462S (the
C462S catalytically inactive mutant of sopB), DsopB+pipgD, and DsopB+
pipgDC439S (the catalytically inactive [C439S] mutant of ipgD) (Marcus
et al., 2001) were used in this study. In complemented strains, the SopB and
IpgD proteins are expressed from the pACYC184 low-copy plasmid, both
under control of the sopB promoter. The GFP-S. Typhimurium SL1344 was
previously described (Meresse et al., 1999), and the isogenic GFP-DsopB
and RFP-DsopB strains were constructed by transforming the DsopB mutant
with plasmid expressing either EGFP or RFP under control of the rpsM
promoter, pFPV25.1 (Valdivia and Falkow, 1996) and pBR-RFP.1 (Birmingham
et al., 2006), respectively.
Cell Culture
Henle-407 cells (human embryonic intestinal cell line) were obtained from
ATCC. Cells were maintained in high-glucose DMEM (HyClone) supplementedost & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Inc. 459
Figure 6. Model of SopB-Mediated Avoidance of SCV-Lysosome
Fusion
During WT S. Typhimurium invasion the phosphatase activity of SopB
promotes SCV maturation by driving early recruitment of Rab5 and Vps34 PI
3-kinase to the SCV (Mallo et al., 2008). The SCV then acquires lysosomal
glycoproteins (e.g., LAMP1) in a Rab7-dependent manner from a poorly
defined endosomal compartment containing very low amounts of cathepsin
D and which is independent of lysosomes (Meresse et al., 1999). Such traf-
ficking of the SCV precludes its fusion with lysosomes and helps bacteria
establish a niche permissive for replication. We present new evidence that
the SopB phosphatase activity additionally alters the membrane charge of
the nascent SCV, resulting in displacement of specific Rabs and other host-
cell proteins that rely on a strong negative charge for their membrane recruit-
ment, some of which are involved in promoting phagosome-lysosome fusion.
Hence, in the absence of SopB, the DsopB mutant is not only unable to effi-
ciently acquire Rab5 and PI(3)P to promote proper SCV maturation, but also
cannot reduce the negative membrane charge on the nascent SCV, leading
to retention of specific host-cell proteins that promote SCV-lysosome fusion.
This in turn can result in increased bacterial degradation and perhaps antigen
presentation by DsopB S. Typhimurium-infected cells.
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SopB Regulates SCV Maturation via Surface Chargewith 10% FBS (Wisent) at 37C in 5% CO2 without antibiotics. Cultures were
used between passage numbers 5 and 25. Cells were seeded on 1 cm cover-
slips in 24-well tissue culture plates at 4 3 104 cells/well or on 2.5 cm cover-
slips in 6-well tissue culture plates at 16 3 104 cells/well 40–45 hr before
use. For DQ-BSA assays, cells were seeded at 1.6 3 104 cells/well in 8-well
coverglass chambers (Lab-Tek Chambered Coverglass, Nunc) 40–45 hr
before use or at 3.2 3 104 cells/well 20–24 hr before use.
Plasmids
Plasmids encoding RpreRed, LactC2-GFP, and PLCd-PH-mRFP were previ-
ously described (Yeung and Grinstein, 2007), as were GFP-Rab8B, 13, 23,
and 35 (Smith et al., 2007); CFP-Rab35, CFP-CT, CFP-CTDGG, CFP-CTcaax;
and CFP-CTcaaxDpB (Heo et al., 2006), CFP-Rab7 (Barbero et al., 2002), and
GFP-Rab22A (Weigert et al., 2004). GFP-Rab14 was from J. Casanova
(University of Virginia), GFP-SopB was from D. Zhou (Purdue University), and
pEGFP-C1 was from Clonetech. inp54-YFP is a plasmid encoding the amino-
terminal 331 amino acids of Inp54p, a yeast inositol polyphosphate 5-phos-
phatase (Suh et al., 2006). This fragment retains Inp54p’s full phosphatase
activity and is fused to a domain from FK506 binding protein (FKBP) (Suh
et al., 2006) and YFP. Lyn11-FRB (LDR) is a plasma membrane-targeted
FKBP12-rapamycin-binding domain of mTOR, described previously (Suh
et al., 2006). GeneJuice (Oncogene Research Products) and Amaxa (Lonza)460 Cell Host & Microbe 7, 453–462, June 17, 2010 ª2010 Elsevier Intransfection reagents were used according to the manufacturer’s instructions.
Cells were used between 8 and 16 hr after transfection.
Bacterial Infections
Late-log S. Typhimurium cultures were used for infecting cells and prepared
using a method optimized for bacterial invasion (Steele-Mortimer et al.,
1999). Briefly, WT and mutant bacteria were grown for 16 hr at 37C with
shaking and then subcultured (1:33) in LB without antibiotics for 3 hr. Bacterial
inocula were prepared by pelleting at 10,0003 g for 2min, diluted 1:100 in PBS
(pH 7.2), and added to cells for 10 min at 37C. After infection, extracellular
bacteria were removed by extensive washing with PBS, and 100 mg/ml genta-
micin was added to the medium at 30 min p.i.
Immunofluorescence and Pharmacological Agents
Cells were fixed with 2.5% paraformaldehyde in PBS for 10 min at 37C. Fixed
cells were immunostained as previously described (Brumell et al., 2001).
Immunostaining before permeabilization was used to differentiate between
intracellular and extracellular bacteria (Smith et al., 2007). Rabbit polyclonal
antibodies to S. Typhimurium O antiserum Group B (Difco) and murine mono-
clonal anti-GFP antibody 49005A (Invitrogen) were used. Secondary anti-
bodies used for immunofluorescence were all Alexa conjugated and from
Molecular Probes. Rapamycin (Cedarlane, Biomol) and the PKB inhibitor
Akti1/2 (Calbiochem) were used at a final concentration of 10 mM.
NHS-647 and FITC Labeling of Bacteria
NHS-647 (Alexa Fluor 647 carboxylic acid, succinimidyl ester; Molecular
Probes) spectrally identical to the Cy5 dye was used to label live bacteria prior
to infection and imaging. Late log bacterial suspension (200 ml) was washed
with PBS and incubated with 0.3 mg/mL NHS-647 for 5 min at 37C, washed
in PBS, and resuspended in 200 ml PBS. This suspension was diluted 1:10 in
RPMI-1640 media (supplemented with L-glutamine, HEPES, no bicarbonate;
Wisent) and 2 ml used for infection of cells in 6-well plates.
To label bacteria with FITC (fluorescein isothiocyanate; Sigma), 200 ml of late
log bacterial suspension was extensively washed with PBS and incubated with
0.5 mg/mL FITC for 10min at 37C, washed in PBS, and resuspended in 200 ml
PBS. This suspension was diluted 1:10 in RPMI-1640 and 2 ml used for infec-
tion of cells in 6-well plates. For DQ-BSA experiments in 8-well coverglass
chambers, the suspension was diluted 1:20 in PBS for all infections.
Live-Cell Imaging
For the DQ-BSA assay, cells seeded in 8-well coverglass chambers were
incubated for 1 hr in 0.5 mg/mL DQ BSA Red (Molecular Probes), washed
with PBS, and incubated in growth medium for 4 hr. Cells were infected with
FITC-labeled or GFP-expressing bacteria as indicated. At appropriate times
the media was changed to RPMI-1640 and cells imaged as described below.
For RpreRed, PLCd-PH-mRFP, and LactC2-GFP live-cell imaging experi-
ments cells were grown on 2.5 cm coverslips and transfected 12–16 hr before
invasion. After a 20 min preincubation with RPMI-1640, cells were infected for
10 min with fluorescently labeled S. Typhimurium, extracellular bacteria
removed by extensive washing with PBS, and cells incubated for additional
20 min in RPMI-1640, followed by addition of 100 mg/ml gentamicin. At appro-
priate times cells were washed with ice-cold PBS and extracellular adherent
bacteria stained with rabbit anti-Salmonella antibodies (Difco) followed by
Cy5-, Alexa405-, or Alexa568-conjugated secondary antibodies (Jackson
ImmunoResearch) in ice-cold RPMI-1640. Cells were washed, kept cold,
and imaged as described below.
For the above experiments, 0.3 mm confocal Z stacks of the cells were
imaged using a Quorum spinning disk microscope with a 633 oil immersion
objective (Leica DMIRE2 inverted fluorescence microscope equipped with
a Hamamatsu Back-Thinned EM-CCD camera, spinning disk confocal scan
head, and Volocity 3.7.0 acquisition software [Improvision]). Confocal Z stacks
were analyzed with Volocity software, and the fraction of bacteria that colocal-
ized with dequenched DQ-BSA signal or fluorescent constructs were directly
quantified.
Statistics
Colocalization quantifications were performed by examination of confocal Z
slices acquired on a Quorum spinning disk microscope with a 633 oilc.
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SopB Regulates SCV Maturation via Surface Chargeimmersion objective (except when direct visualization on a Leica DMIRE2
epifluorescence microscope was used for Figures 2B–2H, Figures 3D–3F,
and Figure S3E). At least 100 bacteria were counted for each condition in
each experiment except where indicated, and three independent experiments
were performed. The mean ± SEM is shown in the figures, and p values were
calculated using two-way ANOVA with Bonferroni post hoc test (Figures 1B,
1E, 1H, 2B–2H, and 4B), a one-way ANOVAwith a Dunnett’s Multiple Compar-
ison test, comparing values to WT (Figures 1C, 1F, 1I, 3D, 3E, 4C, and 4D), or
a two-tailed two-sample equal variance Student’s t test (Figures 3F and 5B).
A p value of less than 0.05 was determined to be statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with this
article at doi:10.1016/j.chom.2010.05.011.
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